Two-fluid model approach to simulate gas-liquid airlift reactors is widely implemented but have yet to reach a consensus on the closure model to account the gas-liquid interphase forces. Proper selection of a closure model is required in order to accurately capture the hydrodynamics in the complex of the two-phase system. Our work concerns the evaluation of the interfacial forces models (i. e. drag, lift and turbulent dispersion force) and their effects on local gas holdup and liquid velocity. A transient three-dimensional airlift reactor simulation was carried out using computational fluid dynamics by implementing the dispersed standard k-ε turbulence model. Four drag models governed by spherical bubble, bubble deformation and Rayleigh-Taylor were being evaluated in our work. The significance on the inclusion of the lift model on predictive accuracy on the flow field was also studied as well. Whereas, two turbulent dispersion force models were selected to evaluate on their performance in improving the predictive accuracy of the local hydrodynamics. Results showed that the drag governed by Rayleigh-Taylor which accounts the bubble swarm effect had better predictions on the gas holdup in the downcomer and improved predictions in radial gas holdup. The inclusion of the lift model improved local gas holdup predictions at higher heights of the reactor and shifted the bubble plume towards the centre region of the riser. Meanwhile, the turbulent dispersion models improved the overall results of predicted local gas holdup with closer agreement obtained when the drift velocity model was considered in the simulation. The axial liquid velocity was well predicted for all cases. The consideration of the drag, lift and turbulent dispersion forces resulted in a closer agreement with experimental data.
Introduction
Pneumatic airlift reactors are commonly employed in chemical plants, fermentation processes and cell cultivation industries. The recent focus in airlift reactors drew the industry's attention to its practical applications in shear sensitive processes owing to its ability to distribute shear force evenly, reasonable operating cost and simple structure [1] . However, it is reported that the sensitive processes like pharmaceutical industries suffer a loss of $500 million due poor mixing from the lack of robust scale-up and design methodologies of its reactors [2] . The heart of airlift reactor designs lies in the gas holdup distribution which governs mixing in the system and numerous empirical correlations has been proposed to date [3] [4] [5] . These empirical correlations are still currently employed in industrial scale up procedures but are only applicable to similar geometrical designs and operating conditions [6] . In addition, despite having rich empirical database, industrial scale airlift reactors derived from extrapolated empirical formulation will tend to lose their accuracy in larger spatial distribution whereby mixing is inhomogeneous. The objective of efficient mixing is to improve product quality, ensuring maximum mass transfer and minimize dead zones requiring more detailed flow field information to further refine the existing scale up methodology. This would require a complex mathematical model to capture the intrinsic details in mixing and transport phenomena in an airlift reactor. Hence, efforts were invested via numerical methods to address the shortcomings to allow flexible designs and provide detailed local flow field information.
Over two decades of literature have been devoted to computational fluid dynamics (CFD) studies in airlift reactors to resolve the complexity of the gas-liquid system. One of the current attractive approaches in solving the multiphase system is through the Euler-Euler two-fluid model which has been widely adopted across literature for its simplicity and computational affordability [7, 8] . The mass, momentum and energy equations written for each phase individually undergoes ensemble averaging, eliminating vital microscopic information that describes the interphase forces between the gas and liquid phase. An additional closure model would be required to describe the interaction forces between the gas and liquid phase. Numerous set of closure models have been studied in airlift reactors [9, 10] . However, the proposed sets of closure model are diverse across literature and there is still a lack of consensus on an appropriate closure model.
The closure model consists of interfacial forces that are divided into drag and non-drag forces. Drag force is considered significant in aerated flow as it is governed by the slip velocity between the gas-liquid interphase. Many drag models have been proposed across literature but the most commonly employed drag models are those derived from single bubble experiments. Amongst these models, the spherical bubble drag model [i. e. [11] is widely employed in airlift gas-liquid studies even in those that consider poly-disperse bubbles [12, 13] . However, some two-fluid model comparison studies have shown, drag models that considered bubble deformation [i. e. [14, 15] were better at predicting global liquid velocity and local gas holdup than the spherical bubble drag model [16, 17] . Meanwhile, limited studies were performed on drag models derived based on flow regimes (i. e. Universal drag) which accounts the effects of bubble swarm in gas-liquid systems and only few considered the correction term in their simulation [18, 19] . Hence, its performance is much needed to be evaluated with other more profoundly employed drag models.
On the other hand, non-drag forces in literature is deem less significant in comparison to the drag force but are known to influence the bubble plume structure [20] . The lift force for instance, should be considered when bubbles are in direct contact with the surface of the wall. Most airlift reactor simulation studies omitted the effect of lift force, citing a lack of understanding of its role [10, 16] . Whereas, studies that consider the lift model pointed out its effects on bubble plume structure and its advantage in capturing the transient flow [21] . In additional, limited airlift reactor studies were performed with the inclusion of turbulent dispersion model. Studies that implemented the turbulent dispersion force have shown improvements in riser gas holdup predictions and enhanced bubble dispersion [9, 22] . However, studies on the comparison between different turbulent dispersion models were given less attention in airlift reactors with no comparison studies done yet.
Understanding the effects of the closure models on the predictive accuracy of the gas-liquid airlift reactor simulation is crucial especially its effects on the local hydrodynamics in airlift reactors. Although, several comparison studies have been conducted before on drag and lift models, most of them were compared with experimental data obtained from radial gas holdup profiles in airlift reactors across riser and global liquid velocity [16, 17] . Talvy et al.'s work which performed both drag comparison study and evaluated the effect of drift velocity on predictive accuracy, have shown good prediction in both riser and downcomer axial gas holdup profiles and reflected the roles of both drag and non-drag forces in both segment of the airlift reactor. Their work was taken as a basis for this paper as the effects of the closure model in the downcomer should not be neglected since residence time distribution of the bubbles being dragged down in the downcomer will affect the accuracy of the mass transfer predicted. Hence, this paper concerns the simulation study of the interfacial forces namely drag, lift and turbulent dispersion forces on local hydrodynamics (i. e. axial gas holdup profile, radial gas holdup profile and axial liquid velocity) in a three-dimensional airlift reactor. Results from the simulation were compared with local gas holdup and liquid velocity experimental data obtained from Couvert [23] , and Cockx [24] , respectively.
CFD modelling approach

CFD modelling of two-phase fllow
Eulerian-Eulerian multiphase approach was employed in this work, whereby the continuous and disperse phases are considered as interpenetrating media, weighted by their corresponding volume fractions. The total sum of the phase volume fractions should satisfy to a unity and is governed by the following equation:
where is the phase volume fraction, is the time, is the density and ⃗ is the velocity of the respective gas and liquid phases. The mass source term on the right side of eq. (1) is zero as the interphase mass transfer is neglected in the scope of this study. The momentum balance of the phases is shown in the following equation:
where is the pressure gradient,̄is the stress-strain tensor, is the acceleration due to gravity, , is the drag force, , is the lift force and , is the turbulent dispersion force. Virtual mass is neglected in this study as it has negligible significant effect on the overall flow behaviour and would result in convergence difficulty [9, 10, 25] .
Turbulence model
This work employs dispersed k-ε turbulence model based on Tchen-theory for systems with dilute concentration of the dispersed phase. The transport equations for turbulence kinetic energy, k and dissipation energy rate, ε are given by:
where , is the production rate of the turbulent kinetic energy and its form is similar to the single phase flow. The values of the constants in eqs (3) and (4) are given by = 1, = 1.3, 1, = 1.44 and 2, = 1.92.
Momentum interfacial transfer
Drag model
Drag force is the resistance force acting on the bubble moving in the continuous phase. The drag force is governed by inertia whereby the force becomes increasingly significant at larger bubble Reynolds number. The drag force can be described as a function of local velocity as shown in the following:
where represents the Sauter mean bubble diameter, is the drag coefficient which can be obtained from the drag model and is the velocity. In this study, four drags models will be compared in order to evaluate their performances in predicting local gas holdups and axial liquid velocity.
Schiller and Naumann [11] , model was derived based on a single spherical bubble as a function of bubble Reynolds number (Re ) as shown in the following eq. (6):
where Re is the bubble Reynolds number which is the ratio of inertia to viscous drag force as expressed in eq. (7) and is the dynamic liquid viscosity.
Grace et al. [14] , on the other hand considers the deformation of bubbles with respect to the Eötvös () and Morton ( ) number derived from a single bubble rising in a stagnant liquid. Bubble deformation is expected to occur when the bubble is larger than 3 mm, which happens to be the case in our study [26] . Their correlation is based on the terminal velocity of a single bubble rising in a stagnant liquid:
where is the bubble terminal velocity as described in the following:
is expressed as:
and is shown as the following:
is the surface tension, is the dynamic gas viscosity and is the molecular viscosity of water which is taken as 0.0009 Pas.
Tomiyama et al. [15] , drag model on the other hand was modified from Grace et al. [14] , by taking into account various degree of contamination, fluid properties, different bubble sizes and gravity which is limited to the range of 10 −3 < Re < 10 5 , 10 −14 < < 10 7 and 10 −2 <̈< 10 3 . The expression of the model is given by:
The Universal drag model considers a wide range of flow regime [27] . The regimes are divided into viscous, distorted and capped bubble regimes drag coefficient are as described in the following equations: 6 7 18.67 ⎞ ⎟ ⎟ ⎠ where, = (1 − )
where is the Rayleigh-Taylor instability wavelength expressed as shown in eq. (17):
The drag coefficient is calculated based on the conditions that define each respective regime which can be referred in Fluent [28] . A bubble swarm correction was implemented as shown in eq. (17) where the RichardsonZaki exponent implemented in this study is 1.5.
Li昀t model
Lift force is the interfacial forces acting in the lateral direction, which is perpendicular to the direction of the flow. This results to the migration of larger bubbles to the centre of the wall and smaller bubbles towards the walls induced by the traverse lift force. The migration of the bubbles is expressed in the following lift force model as given by [29] [30] [31] :
where the lift coefficient, is calculated through the Tomiyama et al. [32] lift model. The model is a function of Eötvös and bubble Reynolds number derived from a single bubble moving in a glycerol-water solution. It has also been proven capable of being implemented in air-water systems and thus was employed is our work as well [33] :
where the modified Eötvös number is given by:
is the major dimension of the bubble which can be calculated through the empirical correlation of the aspect ratio as shown in eq. (23) [34]:
Turbulent dispersion force model
The effect of turbulent dispersion force has significant contribution on the distribution of the dispersed phase. It describes the effect of turbulent eddies of the liquid phase on the bubbles. In this work, two models were chosen for comparison. The Lopez de Bertodano [35] , model has been implemented across literature with different turbulent dispersion coefficients, [17, 36] . The model can be expressed as shown in eq. (25):
where is the turbulent kinetic energy. The turbulent dispersion coefficient value, for eq. (24) = 1 was employed as no empirical support is available to modify the current default value.
Meanwhile, the Simonin and Viollet [37] , model describes the drift velocity as a function of gas-liquid turbulent dispersion term, , relating to the turbulence characteristics scale expressed in the following equations:
where is the drift velocity, coefficient = 1 and is the Prandtl number set as 0.75. Details on the derivation of , was further described in Talvy et al. [9] , and will not be repeated here.
Geometry and computational grid
A transient simulation of a three-dimensional internal-loop airlift reactor was carried out using ANSYS FLU-ENT 16.2. The geometry of the reactor was adopted from Talvy et al. [9] . The dimensions 0.50 m (width) x 3.00 m (height) x 0.50 m (depth) of the airlift rector was prepared using GAMBIT 2.4.6. The internal baffle that separates the riser and downcomer region is 2.35 m in height. A 0.15 m gap was left from the bottom of the reactor to the baffle. Gas enters into the reactor through two cylindrical membrane spargers located 0.10 m above the bottom of the reactor. A grid of 306k hexahedral cells was prepared for this study. A gas with volumetric flow rate of = 0.00212 m 3 /s was injected and treated as a continuous source of gas at the sparger. No slip boundary conditions were applied along the walls. The pressure and temperature were set to ambient condition. The CFD simulation was performed assuming uniform bubble diameter, of 3.40 mm. All residuals were set below 1 × 10 −8 for each time step to achieve good convergence. The time step was set at 0.001 s. The facet average of the gas holdup and the local axial liquid velocity in the downcomer were monitored. The data was averaged once a pseudo-steady condition was reached at 50 s and the iterations were halted once a constant value was observed. The CFD simulation of this work was performed using seven units of HP Compaq Pro 6300 MT with a quad core processor (3.2 GHz i7-3770, 4 GB of RAM).
Results and discussion
Prediction of gas holdup
Consideration of an appropriate closure model plays an important role in predicting the gas holdup profiles accurately in the airlift reactor. Gas holdup profiles reflect the pressure distribution in the airlift reactors which is the driving force behind the liquid circulation. In this work, the effect of drag model, lift force and turbulent dispersion were assessed. At first the performance between four differentdrag models namely, Schiller and Naumann [11] , Grace et al. [14] , Tomiyama et al. [15] , and Universal drag model were compared. Figure 1 shows the gas holdup profile at different heights across the riser and downcomer. The riser gas holdup profile is more uniform with increasing height meanwhile at the downcomer, the gas holdup decreases significantly at lower regions of the reactor. Results in Figure 1(a) showed that the gas holdup predicted was slightly two-folds lower than the experimental data in the riser when only the drag model was considered. Aside from that, there is an observable minimal discrepancy between the riser gas holdup results using different drag models. This is because of the co-current flow of the gas and liquid phases in the riser. The gas holdup simulation results in the riser tends to be less dependent on the bubble slip velocity due to the fact that the effect of the liquid velocity on the flow is far greater than the former [7] . Hence, not much difference was observed in the riser simulation results. However, it can be seen that the Universal drag model gives a slightly better prediction in regions near the sparger and at the top region of the riser. Meanwhile, closer agreement with experimental gas holdup was also observed through the Rayleigh-Taylor drag model as shown in Figure 1(b) at the top region of the downcomer. This is attributed to the inclusion of the drag model that accounts the effect of bubble swarm (i. e. distorted and cap bubble) in the model. Grace et al. [14] , and Tomiyama et al. [15] , model governed by bubble deformation performed similarly in both riser and downcomer. In the downcomer, values predicted by both the non-spherical drag models shown lower gas holdup values with increasing height but they had outperformed the Schiller and Naumann (1935) drag model. This indicated that aside from the bubble swarm effect, irregular shaped bubbles do have an effect on the gas holdup distribution even at bubble size of 3.4 mm.The Schiller and Naumann [11] , model which was derived based on rigid spherical particles, yielded the largest deviation from experimental measurement with significantly lower gas holdup predicted in the downcomer. This implied less bubbles were dragged into the downcomer when the spherical dragmodel was considered. Despite the Schiller and Naumann [11] , model being a widely implemented drag model in airlift reactor CFD studies, in a non-zero downcomer the effects of bubble slip velocity in the downcomer would be relatively stronger due to its counter-current flow of the gas-liquid phases [7] . Talvy et al.'s work is based on a non-zero downcomer hence the result reflects the effect of bubble slip velocity on the gas holdup in the downcomer was captured better through the Universal drag model.
On the other hand, Figure 2 illustrates the radial gas holdup profile at height 2.125 m in the riser. Figure 2 (a) shows that the spherical bubble drag model and bubble deformation drag models are more prone towards the internal baffle wall. Meanwhile, the Universal drag model is in closer agreement with experimental data where the radial gas holdup profile leans more towards the centre region of the riser. Hence, the Universal drag model is employed for the remainder of this work. The effect of lift force on the prediction of gas holdup was evaluated. When the lift model is considered, improvements in predictive accuracy were observed in the riser as shown in Figure 3(a) . The profile of the gas holdup in the riser increases throughout the height of the riser with the inclusion of the Tomiyama et al. [32] , lift model. Meanwhile, improvements were observed at the top of the downcomer as shown in Figure 3(b) . This suggests that the role of the lift model is more prominent in at higher regions of the reactor. This is supported by Figure 2(b) whereby, the role of the lift model is seen to have shifted the peak towards the centre of the riser and slightly depressed the radial gas holdup values overall. Generally, the inclusion of the lift model did not significantly improved the results in local gas holdup across the height but there are evidence suggesting that it shifted the bubble plume slightly away from the internal baffle wall was thus implemented in the following case study. Experimental data from Couvert [23] . Figure 4 shows the effect of turbulent dispersion force model on the prediction of gas holdup in the riser and downcomer of the airlift reactor with drag and lift model considered. When all three interphase momentum forces were considered (i.e. drag, lift and turbulent dispersion forces) the results on the local gas holdup across the height of the riser and dowcomer were in better agreement. In addition, a comparison study between two different turbulent dispersion models were conducted and have shown slightly different improvements. The Lopez de Bertodano [35] , model improved the gas holdup result in regions near the sparger in the riser as shown in Figure 4 (a) but lead to an over-prediction of the gas holdup in region above the downcomer in Figure  4 (b). The drift velocity by the Simonin and Viollet [37] , model on the other hand, greatly improved results across the height of the riser as shown in Figure 4 (a). This is similarly reported byTalvy et al.'s work which was carried out in a two dimensional airlift reactor. It is worth noting that the inclusion of the drift velocity managed to accurately predict the profiles of the gas holdup in the downcomer as well, at high precision with exception at the top of the downcomer in Figure 4(b) . This implies the role of the turbulent dispersion model is more prominent than the lift model as it disperses the local gas holdup distribution throughout the reactor.
In addition, due to the nature of the experimental gas holdup data being averaged across the cross-sectional area, the implementation of the model reflects the gas holdup to be dispersed across the reactor which would be vital in minimizing dead zones. Figure 5 further reflects on the effect of turbulent dispersion force on the radial gas holdup profiles. The inclusion of the Lopez de Bertodano [35] , model was able to slightly improve results and depress severely the radial gas holdup peaks from Figure 2(b) . However, the drift velocity model is proven to be better at predicting the gas holdup profiles than the Lopez de Bertodano [35] , model. The Simonin and Viollet [37] , model was able to capture the radial gas holdup profile at higher precision in comparison to the Lopez de Bertodano [35] , model. However, at near wall regions, the drift velocity model prediction was slightly off. Overall results showed that the drag model with the bubble swarm correction term performed better at predicting the local gas holdup especially in the downcomer section. Whereas drag models that accounts bubble deformation showed slightly better predictive accuracy than the model that assume rigid spherical bubbles. The role of the lift model is more prominent in the riser where the inclusion of the model through the Tomiyama et al. [32] . By considering the turbulent dispersion model, results were in closer agreement especially the inclusion of the drift velocity model. Figure 6 illustrates the axial liquid velocity profiles at height 1.125 m predicted by the drag models, lift model and turbulent dispersion force models. Figure 6(a) shows the performances of all four drag models were comparable with slight discrepancy between the experimental data. Grace et al. [14] , and Tomiyama et al. [15] models were able to accurately predict the liquid velocity profiles but at the cost of discrepancy of the gas holdup results in Figure 1 . The Universal drag predicted comparably well to the non-spherical drag models. Schiller and Naumann [11] on the other hand, slightly over-predicted the liquid velocity. By considering lift, not much changes were observed in the liquid velocity. The addition of the turbulent dispersion model resulted to minor increase in accuracy of the predicted liquid velocity through the Simonin and Viollet [37] model. While the result for the Lopez de Bertodano [35] , model was slightly off. Although, the inclusion of the turbulent dispersion model decreased the accuracy of the predicted liquid velocity it is however crucial in predicting the local gas holdup. Overall, the predictions for all cases were reasonably good for the liquid velocity profile.
Prediction of axial liquid velocity
Conclusion
The effects of drag, lift and turbulent dispersion force models are crucial to obtain accurate prediction of gas holdup in an airlift reactor. The inclusion of bubble swarm correction term increase the prediction gas holdup in the downcomer significantly. Meanwhile, the inclusion of the lift model pushed the bubble swarm towards the centre region of the riser and suppressed the radial profile peak values of the gas holdup. The turbulent dispersion force model is sometimes neglected in other works. Our work suggests that the inclusion of the turbulent dispersion model through the drift velocity increases the predictive accuracy in both the gas holdup in the riser and downcomer significantly. The radial gas holdup profiles were also in closer agreement with experimental results as well. A correct prediction of the gas-liquid flow (i. e. gas holdup and liquid velocity) in the airlift reactor requires closure models that consider important interfacial forces. In conclusion, our suggests that by including the drag, lift and turbulent dispersion force, the local gas holdup and liquid velocity was well predicted overall in both the riser and downcomer.
